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This paper is devoted to the modelling of a speciﬁc ramming mix mainly used in the high-temperature
industry due to its high-compacting behaviour. This material has the ability to absorb the deformation
of parts submitted to high thermal loads. Triaxial and instrumented die compaction tests were carried
out in order to identify the shear and hardening behaviours, respectively. Tests on the ramming mix were
led for a temperature range between 20 C and 80 C. The temperature effect is particularly observed on
the material response when it is compacted. The main features of the behaviour of the ramming mix can
be represented by the theoretical framework of the Modiﬁed Cam-Clay model. A single variable allows to
accurately reproduce the hardening behaviour depending on the temperature. Moreover, an extension of
the model for the hardening behaviour at high pressures is proposed. A good agreement between the
experimental data and numerical tests is reached with this model.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The steel industry requires huge structures mainly composed of
refractory materials. The thermomechanical properties of these
materials suit perfectly high temperature applications. However,
the expansion of these constituents can damage some parts of
the structure. To avoid this damage, ramming mixes are often used
to absorb the deformations. Indeed, these loose materials are
well-known for their high-compacting behaviour. An appropriate
modelling of this material must at least be able to reproduce the
compaction behaviour sensitive to the temperature effect.
This paper investigates the case of a ramming mix composed of
graphite (80%) and coal tar (20%). Its aspect can be compared with
a bituminous sand. In the literature, many studies were carried out
in order to predict the behaviour of loose geological materials
(Bousshine et al., 2001; Liu and Carter, 2002), pharmaceutical pow-
ders (Wu et al., 2005; Han et al., 2008) or metallic powders (Park
et al., 1999; Chtourou et al., 2002; Khoei et al., 2006). The model-
ling of loose materials whose behaviour is highly dependent on
the porosity rate is classically based on micro-mechanical and
macro-mechanical approaches. The ﬁrst one assumes that each
particle is a sphere. It takes also into account the contact interac-
tions between the particles (Helle et al., 1985; Fleck et al., 1992;ll rights reserved.
; fax: +33 (0)2 38 41 73 29.
kik).Biba et al., 1993; Fleck, 1995). From a discrete approach, the mac-
roscopic behaviour of a material can be evaluated by means of
homogenization methods (Piat et al., 2004; Le et al., 2008).
Although micro-mechanical models are devoted to understand
the physical behaviour of the constituents, macro-mechanical
models (Shima and Oyane, 1976; Gurson, 1977; Haggblad, 1991)
are well-adapted for engineering applications which often occur
at a large scale. The phenomenological models were mainly devel-
oped for applications in soil mechanics, such as the Drucker–Prager
Cap model (Drucker and Prager, 1952), the Modiﬁed Cam-Clay
model (Roscoe and Burland, 1968) and the Di Maggio–Sandler
model (Di Maggio and Sandler, 1971). These Cap models allow to
reproduce the hardening behaviour in compaction of initially loose
powders. In the same approach, many extensions of these models
for porous materials were developed (Chtourou et al., 2002;
Aubertin and Li, 2004; Khoei and Azami, 2005; Park, 2007). The
Drucker–Prager Cap model remains one of the most used due to
its ability to reproduce shearing and compaction behaviours. The
parameters of this model are simply identiﬁed by carrying classical
tests. The hardening behaviour is described by a Cap parameter
dependent on the volumetric inelastic strain (Doremus et al.,
2001; Wu et al., 2005). In these studies, Young’s modulus and Pois-
son’s ratio deﬁning the elastic part are assumed to be constant. In
order to reproduce a possible nonlinear elastic behaviour, some
authors have chosen to identify elastic and yield surface parame-
ters evolving with the relative density (Kim et al., 2000; Sinka
et al., 2003; Michrafy et al., 2004; Han et al., 2008). The inﬂuence
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model was rarely taken into account (Piret et al., 2004). The ther-
mal effects were mainly studied in the geotechnical ﬁeld.
Models inspired on the Modiﬁed Cam-Clay model are often used
to reproduce the behaviour of soils such as clays (Liu and Carter,
2002; Piccolroaz et al., 2006). It is an elastoplasticmodelwith a yield
surface which can grow or shrink according to the hardening rule.
Triaxial and die compaction tests are widely used to identify the
shearing and hardening behaviours. The hardening behaviour of
thematerial iswritten in a speciﬁc space inwhich only two constant
parameters are used to deﬁne nonlinear elastic and plastic parts.
Furthermore, this model was extended in order to take into account
the temperature effects (Hueckel and Borsetto, 1990; Hueckel and
Baldi, 1990; Tanaka et al., 1995; Sultan et al., 2002) which mainly
modify the size of the yield surface. In theModiﬁedCam-Claymodel,
the size of the yield surface follows the evolution of the yield stress
underhydrostatic compressionpc. According to theextensionsof the
Modiﬁed Cam-Clay model, this evolution can be of exponential or
polynomial formwith various parameters to identify. For these rea-
sons, theModiﬁed Cam-Claymodelwas chosen in thiswork in order
to reproduce the shearing andhardening behaviours of the ramming
mix sensitive to the temperature effect. No tensile strength, nor
cohesion are introduced in thismodel due to the context of the study
mainly focused on the compacting behaviour.
This paper is organised as follows. Section 2 presents triaxial
and die compaction tests performed on rammingmix samples with
cylindrical shape allowing the investigation of the shearing and
hardening behaviours at different temperatures. A speciﬁc calibra-
tion step is carried out to know the radial stress exerted on the
sample during the die compaction test. Section 3 describes the
adopted Modiﬁed Cam-Clay model. Only one parameter is used
to modify the size of the yield surface in order to reproduce the
temperature effect. An extension of this model to high-compres-
sive pressures is also introduced. The various parameters of this
model are identiﬁed from triaxial and die compaction tests data.
Finally in Section 4, the relevance of the Modiﬁed Cam-Clay model
is ﬁrst conﬁrmed by comparison of the numerical predictions to
experimental data obtained from tests used for the identiﬁcation
of the model parameters. Finally, a hydrostatic compression test
at room temperature and a die compaction test with transient
heating validate the ability of this model to reproduce the behav-
iour of the studied ramming mix.
2. Characterization of the ramming mix behaviour: triaxial and
die compaction tests
In the high-temperature industry, the ramming mix is used to
protect the steel shell from the expansion of the refractory bricks.
Located between the shell and the bricks, the ramming mix is not
directly subjected to the thermal load applied on the masonry. It is
mainly stressed in compression at low strain rates for a tempera-
ture range between 20 C and 80 C. Triaxial and die compaction
tests are carried out to identify the shearing and hardening behav-
iours at different temperatures and strain rates. The three-dimen-
sional stress state is deﬁned by two invariants: the equivalent
pressure stress p and the von Mises equivalent stress q. They are
deﬁned as follows:
p ¼ 1
3
traceðrÞ; ð1Þ
q ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
S : S
r
; ð2Þ
where S is the deviatoric part of the stress tensor r, given by:
S ¼ rþ pI: ð3ÞI is the second order identity tensor.
In the case of a cylindrical sample submitted to compressive ax-
ial and radial stresses (rA < 0 and rR < 0, respectively), the equiva-
lent pressure stress reads:
p ¼ rA þ 2rR
3
ð4Þ
and, the von Mises equivalent stress is:
q ¼ jrA  rRj: ð5Þ2.1. Characterization of the shearing behaviour: triaxial tests
Hereafter, we will describe the testing system required to carry
out triaxial tests on the ramming mix. The aim is to characterize
the shearing behaviour of this material. Fig. 1 depicts the triaxial
compression apparatus used to perform the triaxial tests. This
apparatus is composed of a cell of a 3.5 MPa capacity, a pressure
controller, a 25 mm LVDT sensor and a 10 kN load cell. The cell
is ﬁlled with water in order to apply a controlled radial stress on
the sample. This cell is axially free. The axial displacement of the
cell which is measured by the LVDT sensor corresponds to the axial
displacement of the lower part of the sample. The upper part of the
sample is motionless which yields to the axial compression of the
sample. The axial force is measured by the load cell. This testing
system ensures that cylindrical samples are submitted to axial
loads under a constant radial pressure imposed by the water pres-
ent inside the cell.
2.1.1. Triaxial test procedure
The tested samples are 50 mm in diameter and 95 mm in
height. Each specimen is fabricated by a manual precompaction
of 240 g of carbon ramming mix into a die. The material is progres-
sively added into the die following intermediate manual compac-
tion steps in order to respect the height of the sample. The
manual compaction mode and the friction between the die and
the ramming mix lead to an axial heterogeneous distribution of
the void ratio e with an average value of 0.42 ± 0.08. The void ratio
is deﬁned by:
e ¼ qrV
m
 1; ð6Þ
where qr is the real density of the material, m and V are the mass
and volume of the sample, respectively. It is worth noting that e
is related to the relative density RD by the following equation
(Ragab and Saleh, 2000):
RD ¼ 1
1þ e : ð7Þ
At the beginning of the triaxial test, RD  0.7. For this material, a gas
pycnometer test would be the most appropriate for the measure-
ment of the real density. Here using the Le Chatelier densimeter
apparatus, the measured real density is qr = 1820 kg/m3. This test
consists in the immersion of the ramming mix in oil. Water was
avoided to allow a better mixture with the coal tar. With this appa-
ratus, it is impossible to apply a pressure which could favor the ﬁll-
ing of all voids by the oil. The grain porosity is the most difﬁcult to
ﬁll by the oil. Indeed, a mercury porosimetry on the graphite grains
shows that there is a grain microporosity with an average pore size
of 0.02 lm. The equilibrium of the meniscus of the liquid leads to a
simple expression used in porosimetry tests relating the pressure Pl
exerted on the liquid to ﬁll the voids and the average diameter d of
these voids:
Pl ¼ j4ccosðaÞjd ; ð8Þ
Fig. 1. Triaxial compression test.
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the liquid and the surface of the sample. Considering oil for liquid in
the densimeter test with c = 0.03 N/m and a = 30 , Eq. (8) shows
that a pressure Pl of 5 MPa is required to ﬁll the grain microporosity.
Thereby, for the Le Chatelier densimeter test only macroporosities
are ﬁlled and so e denotes a macro void ratio.
In the case of the triaxial test, the initial macro void ratio of the
sample is heterogeneous due to a manual compaction mode. This
sample is set into an elastomer ﬁlm to prevent the penetration of
water. During the triaxial test, the sample is ﬁrst submitted to a
constant hydrostatic pressure p = rR.
Then, the axial displacement of the cell at constant velocity and
radial pressure implies the increase of the axial stress on the sam-
ple following a stress path deﬁned by the linear relation Dq = 3Dp
between the stress invariants.Fig. 2. Triaxial tests with a conﬁning pressure of 200 kPa at different temperatures
and velocities.2.1.2. Triaxial test results: temperature and strain rate effects
At room temperature, triaxial tests were carried out for conﬁn-
ing pressures from 100 kPa to 800 kPa with velocities of 0.1 mm/
min, 0.5 mm/min and 1 mm/min. To study the inﬂuence of the
temperature on the shearing behaviour, a triaxial apparatus oper-
ating at high temperatures as used by Olmo et al. (1996) is neces-
sary. The triaxial apparatus of this study has no available heating
control, therefore a speciﬁc procedure was followed. The sample
is ﬁrst preheated during two hours, at for example 50 C, it is then
set on the triaxial apparatus. In a second step, the cell is ﬁlled with
preheated water at 50 C. In order to minimize the decrease of tem-
perature during the test, a velocity of 1 mm/min was chosen for the
triaxial tests at 50 C and 80 C. Other strain rates at 50 C and
80 C cannot be tested as the available apparatus do not ensure
the thermal control. For each triaxial test, a critical shearing stressis reached when the increase of the von Mises equivalent stress
stops. As presented in Fig. 2 for triaxial tests with a conﬁning pres-
sure of 200 kPa, there is no effect of the strain rate at room temper-
ature. Due to a lack of data, we suppose that the strain rate has no
effect at 50 C and 80 C. Only the temperature inﬂuences the crit-
ical shearing stress which decreases.
2.2. Characterization of the hardening behaviour: die compaction tests
A hydrostatic compression test is classically used to identify the
hardening behaviour of porous materials. A die compaction test on
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tion but requires to be instrumented in order to measure both axial
and radial stresses applied on the sample. The axial stress is easy to
get due to a load cell located above the sample. The radial stress is
applied by the conﬁnement of a hollow cylinder. In some cases, it is
possible to dispose of a load sensor located in the die in order to
have a direct measure (Mesbah et al., 1999; Sinka et al., 2003).
Otherwise, simple relations can be established between the exter-
nal circumferential strain of the hollow cylinder and the radial
stress applied on the sample. The identiﬁcation of this calibration
relation is detailed hereafter.
An instrumented ﬂoating die compaction test on a static press
INSTRON 5800R was developed as presented in Fig. 3. Axial dis-
placement and axial load are acquired with a 50 mm LVDT sensor
and a 250 kN load cell, respectively. Thanks to a heating control
system, compaction tests at elevated temperatures are possible.
A heating collar with an integrated K-type thermocouple linked
to the thermal control is set around the free cylinder. A water-
cooling system is added between the load cell and the upper pis-
ton in order to avoid the expansion of the load cell during these
tests which could affect the measurements. Moreover, a ﬂoating
die is chosen to compress equally the sample at the top and the
bottom. The die/sample interface is lubricated with a silicon
grease to homogenize the radial stresses applied on the height
of the sample. The friction coefﬁcient between the ﬁnal com-
pacted sample and the lubricated die was taken to be 0.22. This
value was measured with an inclined plane apparatus. It repre-
sents an estimation of the friction coefﬁcient which evolves (de-
creases globally) when the sample is compacted due to the
decrease of the roughness of the lateral area of the ramming
mix sample. Finally, 8 circumferential gauges are set around the
die in order to evaluate its average circumferential strain. These
gauges are located at mid-height of the die with 70 mm between
the lowest and the highest ones. They allow to record strains of
the die for samples higher than 70 mm.Fig. 3. Instrumented di2.2.1. Calibration test on a rubbery sample
The calibration relation can be identiﬁed experimentally from a
die compaction test on an incompressible rubbery sample (Mosbah
et al., 1997; Geindreau et al., 1999; Hong et al., 2008; Michrafy
et al., 2009) or numerically when the circumferential strain of
the hollow cylinder is known (Bier et al., 2007). In this study, we
choose to carry out a calibration test with an incompressible sam-
ple. It is worth noting that for an incompressible rubbery sample
submitted to a conﬁned load, there is an equality between the axial
and radial stresses. In this case, it is possible to identify a linear
relation between the applied hydrostatic pressure Ph and the aver-
age of the circumferential strains of the die ediehh measured by gauges
as follows:
CðHsÞ ¼ Phediehh
: ð9Þ
Hs is the height of the sample. C(Hs) is the function to identify which
can depend on the height of the sample. Eight die compaction tests
on rubbery samples of 102 mm in height (6 tests) and 92 mm in
height (2 tests) allowed to identify a constant value for the C
parameter:
Ctest ¼ 51 GPa: ð10Þ
This experimental value can be compared with a theoretical one ob-
tained for the case of a hollow cylinder submitted to an internal
pressure p1. This cylinder has a height L, an internal and an external
radius R1 and R2, respectively. The behaviour of the cylinder is as-
sumed to be linear elastic with a Young’s modulus E and a Poisson’s
ratio m. For this cylinder, the local stress ﬁeld (Salençon, 2007) is gi-
ven by:
rrr ¼ p1R
2
1
R22  R21
1 R2
r
 2 !
; ð11Þ
rhh ¼ p1R
2
1
R22  R21
1þ R2
r
 2 !
; ð12Þe compaction test.
Fig. 4. Results of die compaction tests at different velocities and temperatures.
Fig. 5. Temperature effect on the hardening behaviour.
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the boundary conditions:
rrrðr ¼ R2Þ ¼ 0; ð13Þ
rhhðr ¼ R2Þ ¼ 2p1R
2
1
R22  R21
ð14Þ
and the constitutive local Hooke’s law:
ehh ¼ 1Erhh 
m
E
ðrrr þ rzzÞ; ð15Þ
it is possible to deduce from Eq. (15) the expression of rhh(r = R2) as
follows:
rhhðr ¼ R2Þ ¼ Eehhðr ¼ R2Þ þ mrzzðr ¼ R2Þ: ð16Þ
The friction between the sample and the cylinder induces a shear
stress at the sample/cylinder interface and consequently an axial
stress on the cylinder which is not taken into account in the theo-
retical result. For the carried tests, the upper and lower sections
of the steel cylinder are free and thus:
rzzðr ¼ R2Þ ¼ 0: ð17Þ
Eq. (16) reads then:
rhhðr ¼ R2Þ ¼ Eehhðr ¼ R2Þ: ð18Þ
Finally, combining Eqs. (14) and (18), we deduce a theoretical esti-
mation for the C parameter:
Ctheory ¼ p1ehhðr ¼ R2Þ ¼
E
2
R2
R1
 2
 1
 !
: ð19Þ
For the considered die: R1 = 40.6 mm, R2 = 50 mm and E = 210 GPa.
From Eq. (19), the theoretical constant is set to:
Ctheory ¼ 54 GPa ð20Þ
The 6% deviation with the experimental result is due to the ne-
glected friction. The above theoretical study allows to validate the
identiﬁed experimental value even if it neglects the friction at the
sample/cylinder interface. As a conclusion, this calibration step pro-
vides an estimation for the average radial stress ðrrr ¼ Ctestediehh Þ of
the ramming mix sample during a die compaction test.
2.2.2. Die compaction tests at different temperatures and strain rates
For the compaction tests, 700 g of carbon ramming mix are
poured into a die and precompacted with the apparatus up to an
initial macro void ratio of 0.37 ± 0.08 (RD  0.73). The precompac-
tion step induces an axial force close to 1 kN and a radial stress
allowing to maintain the mid-height of the free cylinder aligned
with the mid-height of the initial sample. The initial sample is
81 mm in diameter and 102 mm in height which gives an aspect
ratio higher than 1 as mentioned in Doremus et al. (2001) allowing
to minimize the stress gradients in the sample. This aspect ratio
and the double-effect compaction system allow to assume that
the initial macro void ratio is homogeneous. For tests at elevated
temperature, strains are recorded during heating and dwell time
in order to take the expansion into account. Load/unload cycles
are programmed to identify both elastic and plastic parts of the
hardening behaviour. Results of these cycles at different tempera-
tures (20 C, 50 C and 80 C) and velocities (0.1 mm/min and
1 mm/min) are presented in Fig. 4. The two curves corresponding
to the tests at room temperature at rates of 0.1 mm/min and
1 mm/min are very close. In the same way, the two curves at a
temperature of 50 C merge. In the range of studied strain rates
and temperatures, the strain rate has no effect on the hardening
behaviour. The repeatability of the die compaction test is checked
at 80 C and 1 mm/min. It is observed that only the temperature
inﬂuences the hardening behaviour. For the same consolidationstate, the axial load decreases with respect to the temperature. This
phenomenon is observed in Fig. 5 where the hardening behaviour
with heating is compared with the one at room temperature. For
this test carried out under a velocity of 0.4 mm/min, the sample
has an initial macro void ratio of 0.34 ± 0.08 (RD  0.75). During
this test, a ﬁrst heating from 20 C to 50 C and a second one from
50 C to 80 C were imposed at 3 C/h on the external part of the
steel cylinder. The viscous part of the ramming mix induces a
slower hardening with the increase of the temperature during a
die compaction test.
2.2.3. Die compaction tests at high pressures
Fig. 6 presents the results of a die compaction test carried out
up to high pressures (40 MPa) at room temperature. The ﬁrst part
of the curve showing the ‘‘load–displacement’’ diagram is similar
to the plastic part of the hardening behaviour at room temperature
presented in Fig. 4. In fact, until an axial displacement of 27 mm,
the macro void ratio is positive (RD < 1) and all macro voids are
progressively ﬁlled. Afterwards due to pressures higher than
4 MPa, the microporosity of the graphite grains is ﬁlled by the coal
tar. Considering Eq. (8) with c = 0.03 N/m and a = 130 which are
the parameters for a bituminous, a pressure close to 4 MPa is ob-
tained in order to ﬁll the microporosity of the graphite grains.
The macro void ratio is negative (RD > 1) because the real density
does not account for this microporosity.
As done for the Modiﬁed Cam-Clay model, the hardening
behaviour is written in the (ln(p),e) plane. In Fig. 7 are depicted
Fig. 6. Experimental and numerical results for high pressures.
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ature under low and high pressures. It allows to illustrate the abil-
ity of a compaction law with a sole elastic slope and two plastic
slopes to describe the hardening behaviour of the ramming mix.
The formulation of an extended Modiﬁed Cam-Clay model is pre-
sented in the following section.
3. Modelling of the ramming mix
3.1. Modiﬁed Cam-Clay formulation
The Modiﬁed Cam-Clay model, which is an extension of the ori-
ginal model developed by Roscoe and Burland (1968) introducing
the critical state concept, is relevant to reproduce the elastic and
plastic parts of the hardening behaviour of the ramming mix. It
is also able to take into account the temperature effect. The
proposed model is based on the Modiﬁed Cam-Clay model imple-
mented in the ﬁnite element software ABAQUS/Standard (Abaqus,
2007).Fig. 7. Hardening behaviou3.1.1. Yield surface of the model
The Modiﬁed Cam-Clay model described in Fig. 8 is based on a
yield surface with an associated ﬂow rule:
F ¼ 1
b2
p
a
 1
 2
þ q
Ma
 2
 1 ¼ 0 ð21Þ
whereM is a constant that deﬁnes the slope of the critical state line,
a is the size of the yield surface and b is a constant which can mod-
ify the shape of the cap. In this work, this parameter is used to take
into account the temperature effect on the yield surface of the hard-
ening behaviour. It is worth noting that for a hydrostatic compres-
sion pc, the yield stress is given by:
pcðTÞ ¼ að1þ bðTÞÞ: ð22Þ
The yield surface (Eq. (21)) is written in terms of two stress invari-
ants: the equivalent pressure stress p and the von Mises equivalent
stress q. In this section, we introduce some notations. The strain
tensor e is decomposed in two parts as follows:
e ¼ eel þ epl ð23Þ
eel denotes the elastic part of the strain ﬁeld and epl represents its
plastic part. Each of these strains can be divided into deviatoric
and volumetric parts. The strain ﬁeld (Eq. (23)) reads then:
e ¼ eeldev þ epldev
 
 eelvol þ eplvol
 
I ð24Þ
Moreover, the volumetric part of the strain ﬁeld evol can be ex-
pressed as a function of the macro void ratio e and the initial macro
void ratio e0:
evol ¼ eelvol þ eplvol ¼ ln
1þ e
1þ e0
 
: ð25Þ
The strain ﬁeld evolves then following a hardening behaviour for
high p values and a shearing behaviour for high q values.
3.1.2. Shearing behaviour
The critical state line is the key point of the model because it al-
lows to deﬁne hardening and softening behaviours of the material.
In fact, when submitted to an increasing deviatoric stress for a con-
stant value of p lower than a, the material exhibits a deviatoric
elastic behaviour deﬁned by:r in the (ln(p),e) plane.
Fig. 8. Yield surface and critical state line of the Modiﬁed Cam-Clay model.
860 J. Brulin et al. / International Journal of Solids and Structures 48 (2011) 854–864dS ¼ 2Gdeeldev ; ð26Þ
where G is the shear modulus whose expression is deﬁned by:
G ¼ 3ð1 2mÞð1þ e0Þ
2ð1þ mÞj p expðe
el
volÞ; ð27Þ
j is the logarithmic bulk modulus. Eq. (27) demonstrates that G in-
creases with the compaction rate of the material. Then, the yield
surface is reached for values of q upper than the productMp leading
to a softening behaviour. The yield stress curve decreases and
reaches the critical state line.
3.1.3. Hardening behaviour
When submitted to hydrostatic pressures, the elastic part of the
material is governed by its volumetric behaviour:
expðeelvolÞ ¼ 1þ
j
1þ e0 ln
p0
p
; ð28Þ
where p0 is the initial value of the equivalent pressure stress. If
yielding occurs, the material exhibits a hardening behaviour de-
scribed in Fig. 9 and deﬁned by:
de ¼ kdðln pÞ; ð29Þ
k is the logarithmic hardening constant for the plasticity. Hereafter,
this slope takes the value of k1 for positive macro void ratios and k2
for negative macro void ratios. The hardening behaviour was imple-
mented in the FEA code ABAQUS thanks to a user deﬁned ﬁeld
(USDFLD) subroutine which computes the macro void ratio of each
element constituting the mesh. Then, two speciﬁc logarithmic hard-
ening constants function of the macro void ratio are deﬁned.Fig. 9. Compaction behaviour of the Modiﬁed Cam-Clay model.The hardening behaviour is characterized by the growth of the
yield surface size deﬁned by:
a ¼ a0 exp ð1þ e0Þ
1 expðeplvolÞ
k j expðeplvolÞ
" #
; ð30Þ
where a0 is the initial position of a. This initial overconsolidation is
computed as follows:
a0 ¼ 12 exp
e1  e0  j ln p0
k j
 
; ð31Þ
e1 denotes the macro void ratio of the ramming mix for a hydro-
static pressure of 1 MPa. If the critical state line is reached after
the yielding, the material then distorts without any changes in
shear stress or volume.
Finally, the use of the Modiﬁed Cam-Clay model requires 9
parameters:
 m and j for the elastic behaviour,
 k1 and k2 for the plastic behaviour,
 M for the critical state line,
 b for the yield surface evolving with the temperature,
 e0 and p0 deﬁning the initial state of the material,
 e1 to compute the initial overconsolidation a0.
3.2. Parameters identiﬁcation
For different temperatures, the shearing parameter M is identi-
ﬁed from triaxial tests described in Section 2.1.2. Results of the die
compaction tests (Section 2.2.2), written in the (ln(p),e) plane, al-
low to obtain the parameters of the hardening behaviour. The tem-
perature effect on the parameters of this model is particularly
observed.
3.2.1. The critical state line
From the results of the triaxial tests mentioned in Section 2.1.2,
the critical shearing stresses permit to plot the critical state line.
Considering no effect of the velocity, a single value of M was
identiﬁed at room temperature: M20 C = 1.18 as presented in
Fig. 10. Results of tests carried out at 50 C and 80 C are depicted
in the same ﬁgure. All of them are located under the critical state
line identiﬁed at room temperature. Considering the three tests
at 50 C and the two tests at 80 C, the following slopes could be
deduced: M50 C = 1.04 and M80 C = 1.14. However, two tests are
not enough to conclude on the value of the slope M80 C. Moreover,Fig. 10. Results of triaxial tests at 3 different temperatures.
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quickly decreases. That is why, we can only conclude on the global
inﬂuence of the temperature on the slope of the critical state line
but nothing on the real value of the parameter M. For this reason,
a slight decrease of the slope was assumed for this range of tem-
peratures: M5080C = 1.1. This value is the average slope account-
ing for three results at 50 C and two ones at 80 C.Fig. 11. Inﬂuence of the temperature on the hardening behaviour.
Table 2
Modiﬁed Cam-Clay model parameters for the ramming mix.
Temperature (C) 20 50 80
m 0.25
j 0.017
M 1.18 1.1 1.1
k1 0.12
k2 0.024
e1 0.16 0.13 0.1
b 1 0.56 0.213.2.2. Parameters of the hardening behaviour
Parameters identiﬁcation is done in the (ln(p),e) plane as previ-
ously explained. Results of the carried die compaction tests at dif-
ferent temperatures are exploited as in Fig. 7. The parameters of
the hardening behaviour are reported in Table 1. Temperature
has no effect on the elastic and plastic slopes. As shown in
Fig. 11, only the parameter e1 decreases with the increase of the
temperature. It means that for the same hydrostatic pressure
(1 MPa), the sample is more compacted at 80 C than at 20 C. This
result is directly related to a phenomenon often observed (Hueckel
and Baldi, 1990; Sultan et al., 2002): the decrease of the yield
surface with respect to the temperature. As written in Eq. (31), e1
is only used to compute the initial consolidation state at the
corresponding temperature. In this paper, the temperature effect
is reproduced with the parameter b which can modify the shape
of the cap part. A unit value is set at room temperature:
b(20 C) = 1. In order to assess b(50 C) and b(80 C), we consider
a hydrostatically compacted sample heated from the room temper-
ature up to a temperature T without any volume change. It means
that during this heating step the consolidation state a and the void
ratio e remain constant. From Eq. (22), we can write:
bðTÞ ¼ pcðTÞ
aðTÞ  1 ð32Þ
At room temperature:
bð20CÞ ¼ pcð20
CÞ
að20CÞ  1 ¼ 1 ð33Þ
Considering the constant consolidation state, it comes at higher
temperatures:
bðTÞ ¼ pcðTÞ
að20CÞ  1 ¼ 2
pcðTÞ
pcð20CÞ
 1 ð34Þ
According to Eq. (29) and the parameters e1, k1, k2 reported in Table
1, it is possible to compute the values pc(50C) and pc(80C) from a
chosen value of pc(20C) after heating without any volume change.
For T = 50 C and T = 80 C, Eq. (34) leads to the following values:
bð50CÞ ¼ 0:56 and bð80CÞ ¼ 0:21 ð35Þ
All the parameters needed for the computation of the Modiﬁed
Cam-Clay model for the ramming mix are summarized in Table 2.
The Poisson’s ratio m is set equal to 0.25. The obtained results are
in agreement with the tendencies of the evolution of the Cam-Clay
parameters with the temperature as mentioned in Graham et al.
(2001). In fact, heating produces variations of the yield surface size
leading to a decrease of the elastic zone.Table 1
Hardening behaviour parameters for the ramming mix.
Temperature (C) 20 50 80
j 0.017 0.017 0.017
k1 0.12 0.12 0.12
k2 0.024 0.024 0.024
e1 0.16 0.13 0.14. Numerical results
An axisymmetric numerical analysis of triaxial and die compac-
tion tests used for parameters identiﬁcation is carried out with the
ﬁnite element code ABAQUS/Standard 6.7. Two additional tests
independent from the previous ones are also modelled in order
to validate the model. For all these simulations, the ramming mix
behaviour is computed with the parameters previously identiﬁed.
4.1. Modelling of identiﬁcation tests
To simulate triaxial and compaction tests, the ramming mix
sample is meshed with four-node axisymmetric continuum ele-
ments. Upper and lower pistons are modelled with rigid supports.
4.1.1. Triaxial tests
For the triaxial test, a hard-contact condition in normal behav-
iour and a friction coefﬁcient of 0.3 (measured with an inclined
plane apparatus between the ﬁlter paper and the ramming mix)
in tangential behaviour are deﬁned between the sample and pis-
tons. Due to the manual compaction mode previously detailed,
an initial heterogeneous macro void ratio is considered for the
sample with an average value of 0.42 (RD = 0.7). For all samples,
the heterogeneous distribution of the macro void ratio is assumed
to be linear with e = 0.52 (RD = 0.66) at the bottom of the sample
and e = 0.32 (RD = 0.76) at its top. In fact, the initial sample is more
compacted in its upper part in order to respect the chosen initial
height. This distribution was chosen due to its efﬁciency to repro-
duce accurately the shearing behaviour under a radial stress of
100 kPa. The sample is ﬁrst hydrostatically stressed on its upper
and lateral areas. Then, an axial displacement is imposed on the
lower piston. The axial load is read on the upper piston which is
locked. This load corresponds to the one measured by the load cell
Fig. 13. Die compaction test at T = 20 C.
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water is directly applied on the sample and not on the upper pis-
ton. When compacted, the sample takes a convex shape and is
mainly stressed in the center and the corners. Numerical and
experimental results compare the evolution of the axial load with
respect to the axial displacement. They are shown in Fig. 12(a) at
room temperature and in Fig. 12(b) at higher temperatures (50 C
and 80 C). A good agreement is reached between tests and simu-
lations for the shearing behaviour.
4.2. Die compaction tests
For the die compaction test modelling, the steel die is meshed
with four-node axisymmetric continuum elements. Its behaviour
is assumed to be isotropic elastic linear with a Young’s modulus
Edie = 210 GPa and a Poisson’s ratio mdie = 0.3. Contact conditions
are deﬁned between the steel parts and the sample: a hard-contact
condition in normal behaviour and a friction coefﬁcient of 0.22 in
tangential behaviour as explained in Section 2.2. Due to the dou-
ble-effect precompaction step, a homogeneous macro void ratio
of 0.37 (RD = 0.73) describes the initial state of the sample. It is
submitted to an axial displacement imposed by the lower piston.
The upper piston is locked and provides the axial load applied on
the sample. The radial stress distribution in the sample is globally
homogeneous. Moreover, the steel die which axially moves up due
to the friction, is radially stressed in compression where it is in
contact with the sample and in tensile elsewhere. The axial load re-
sponse to the axial imposed displacement is studied. As shown in
Fig. 13, elastic and plastic parts of the hardening behaviour accu-
rately ﬁt with the proposed model at room temperature. The same
agreement between experimental and numerical results is ob-
tained as well at 50 C and 80 C. Fig. 6 shows the necessity to al-
low for a second plastic slope k2 to deﬁne the hardening behaviour
at high pressures. In order to avoid numerical problems, a sweet
transition is deﬁned between the two plastic slopes.
4.3. Validation of the model
4.3.1. Die compaction test with loads/unloads and heating
A die compaction test with load/unload cycles and heating dur-
ing the test is ﬁrst used for the validation of the model. A sample
with an initial homogeneous macro void ratio of 0.37 (RD = 0.73)
is submitted to a load/unload cycle at a velocity of 0.2 mm/min
and an increase of the temperature in two steps: ﬁrst from 20 C
to 50 C and then from 50 C to 80 C. The thermal ﬁeld was
measured by a thermocouple during the test and applied in theFig. 12. Triaxial tests with different radial stressessimulation on the external part of the free cylinder. Thanks to a
preliminary thermal computation in transient state with the steel
and ramming mix thermal properties deﬁned in Table 3, the evolu-
tion of the temperature in the ramming mix sample is known.
Numerical and experimental results for this test are depicted in
Fig. 14. The efﬁciency of the model to reproduce accurately the
hardening behaviour of the material evolving with the tempera-
ture is validated.
4.3.2. Hydrostatic compression test
A second test using the triaxial apparatus is developed as well.
The idea is to carry out a hydrostatic compression test with loads
and unloads, with the only use of the pressure exerted by water.
For the ramming mix sample preparation, a similar procedure to
that described for triaxial tests was adopted. Here, the cell is axially
locked like the upper piston which has no contact with the sample.
So no axial displacement is applied on the sample and no axial load
is measured by the load cell. The sample is put on the lower locked
piston and a cylindrical disk is set above in order to attach the elas-
tomer ﬁlm. The sample is then hydrostatically stressed on the lat-
eral and upper areas. In order to evaluate the distortion of the
sample, the axial displacement of the center of the cylindrical disk
above the sample is investigated. The sample being in the cell ﬁlled
with water, a direct measurement is impossible. For this reason a
marker tracking method (Nugent et al., 2000; Lee et al., 2009) is: (a) at T = 20 C, (b) at T = 50 C and T = 80 C.
Table 3
Thermal properties for the steel and the ramming mix.
Steel Ramming mix
Density (kg mm3) 7.85  106 [1.33  106; 1.73  106]
Conductivity (W mm1 K1) 0.047 0.025
Speciﬁc heat (J kg1 K1) 450 700
Expansion (K1) 1.2  105 3.3  106
Fig. 14. Die compaction test with loads/unloads and heating.
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era allows to grab images of the marked area for each hydrostatic
stress increment of 50 kPa. The displacement ﬁeld of the center of
the cylindrical disk can be computed. We assume that this
displacement corresponds to the one of the upper part of the sam-
ple. Fig. 15 shows the experimental and numerical evolutions of
the axial displacement of the upper part of the sample with respect
to the hydrostatic stress. Unlike the plastic part which is well-
reproduced, the elastic part does not seem to be accurately repro-
duced by the model. It can be explained by the loss of contact be-
tween the disk and the sample during the unload step. Indeed
during the unload, a pump-effect leads to the ﬁlling of the space
between the cylindrical disk and the sample with air. Accordingly,
the axial displacement of the cylindrical disk differs from the axialFig. 15. Hydrostatic compression test with loads/unloads.displacement of the upper part of the sample at the end of the un-
load. During the reload, the air is ﬁrst evacuated and then the sam-
ple is loaded. This phenomenon is not numerically taken into
account which leads to slight differences for the elastic part.5. Conclusion
In the present paper, a speciﬁc ramming mix of the steel indus-
try was studied in order to select an appropriate model reproduc-
ing its behaviour. A macroscopic model which is well adapted to
engineering applications was retained: the Modiﬁed Cam-Clay
model which is often used in the geotechnical ﬁeld. It is known
for its ability to reproduce the shearing and hardening behaviours.
In the proposed model, a single parameter b permits to take into
account the temperature effect on the hardening behaviour. More-
over, the hardening behaviour was completed for high pressures
deﬁning a second plastic slope. This second slope is related to
the microporosity ﬁlling. An experimental campaign allowed to
determine the material parameters of the proposed model. Triaxial
tests allowed to identify the slope of the critical state line of the
model and an instrumented die compaction test was conceived
to characterize the hardening behaviour. For all these tests, no
inﬂuence of the strain rate was established for strain rates lower
than 2  104 s1. Only the temperature effect on the critical state
line and the yield surface was clearly observed. In fact, the size of
the yield surface decreases while the temperature increases. In or-
der to validate the well agreement between experimental and
numerical results, two additional tests were carried out. A die com-
paction test with heating and a hydrostatic compression test at
room temperature coupled with a marker tracking method have
conﬁrmed the relevance of the model to reproduce the behaviour
of the ramming mix. Thanks to the developed model, the inﬂuence
of the initial state of the ramming mix in structures of the steel
industry can easily be studied. The best initial relative density
must allow to absorb the expansion of the refractories and to en-
sure a high conductivity in the ramming mix in order to transmit
the cooling system effects. An extension for this work could be
the validation of the developed model for complex geometries as
studied in Khoei et al. (2010).References
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